ABSTRACT
that migrate and engraft in foreign organism is heterogenic. The cells expressing various markers are called the microchimeric cells (MCs) or the progenitor cells associated with pregnancy (PAPC) [13] [14] [15] [16] .
FMc is the physiological process which has been confirmed in the placental mammals [17] . Presence of FCs in the maternal blood during pregnancy plays an essential practical role in prenatal diagnosis of chromosomal aberrations. Choice of selective cellular and molecular-genetic markers of FCs would replace standard invasive diagnosis. The number of FCs in the maternal blood at normal pregnancy is however insufficient for genetic screening. In the case that chromosomal pathology is suspected the invasive technologies are used [18] . Thus, the FCs enrichment from maternal blood for genetic screening is still open or disputable so far. Moreover, new technologies of detection and isolation of FCs will allow use them as alternative source of stem cells in regenerative medicine.
The criteria for selecting proper type of FCs from maternal venous blood for non-invasive diagnosis include: short cell lifespan, absence or limited capacity for proliferation and presence of specific markers expressing on the surface of FCs but not on the surface of maternal cells. Further criteria are persistency of this type of cells at each pregnancy, a sufficient number of these cells at early stages of gestation; newer technologies for enrichment and culturing of the FCs [19] . Analysis of FCs at early stage of pregnancy should be based on the sensitive, effective and accessible express-methods of FCs identification and further isolation. Of today, the available methods of qualitative and quantitative detection of FCs in maternal blood are based on immunophenotyping and use of genetic markers. Among the methods allowing detect and isolate a minor population of FCs from maternal blood are the fluorescence-activated cell sorting (FACS) [20] [21] [22] [23] , magnetic-activated cell sorting (MACS) [22, 24, 25] , fluorescent hybridization in situ (FISH) [24] [25] [26] [27] [28] [29] , immunocyto-and The present-day methods of fetal prenatal diagnosis consist of noninvasive and invasive approaches. Prenatal screening includes ultrasound analysis and non-invasive tests of maternal venous blood performed in clinic to assess rhesus-factor and gender of the fetus. The invasive approach is based on the analysis of fetal cells (FCs) using karyotyping method. To define the risk of genetic abnormalities FCs are thus obtained invasively using techniques such as chorionic villus and cord blood sampling or amniocentesis. Invasive tests in some cases leads to risk of pregnancy complications or procedure-induced miscarriage [1] [2] [3] [4] . The immune phenotyping and genetic screening of FCs isolated from the blood of pregnant woman are among the approaches that can replace invasive fetal diagnosis.
The presence of FCs in maternal circulation occurs due to the phenomenon of transplacental transfusion, i.e. bi-directional transfer of cells between mother and fetus during pregnancy. It was originally assumed that the FCs begin migrating to maternal blood following the end of mesoblastic period of fetal hematopoiesis in the yolk sac [5] . FCs are formed initially in the yolk sac at 4 weeks of gestation during normal pregnancy. These cells are already capable to migrate into the maternal circulation. However, FCs do not circulate until 5 weeks' when the heart begins to beat [6] . The engrafted FCs represents a minor population in maternal blood. Their percentage ratio varies during gestation period depending on pregnancy trimester [7] [8] [9] . The number of FCs in maternal blood increases in the first trimester and drastically decreases after delivery [10] [11] [12] .
The result of transplacental transfusion is the phenomenon of microchimerism (Мc). Мc is described as FCs engraftment in the maternal organism (fetal microchimerism, FMc) or maternal cells engraftment in fetus (maternal microchimerism, MMc). The cells can coexist in one organism despite being genetically different. The population of such cells histochemistry [21, 27, 28, 30] , polymerase chain reaction (PCR) [22, [27] [28] [29] , chromosomal microarray analysis based on DNA chip [22-24, 26, 31] and sequencing [32] [33] [34] [35] [36] . Using a combination of the above-listed methods, the researchers studied migration of FCs, both at the DNA and cellular levels.
FETAL CELLS AS POTENTIAL MARKERS IN PRENATAL DIAGNOSIS OF GENETIC DISORDERS
It is shown that the following types of FCs circulate in the maternal blood during pregnancy: trophoblast cells [37, 38] , nucleated red blood cells (NRBCs) or erythroblast [39] , lymphocytes [40] and fetal progenitor cells [14] [15] [16] [41] [42] [43] .
Trophoblast cells. In 1982 C. Goodtellow and P. Taylor were first who isolated trophoblast cells from the blood of pregnant woman, using different gradients [37] . Special morphology of trophoblast cells allows identify them under microscope using immunocytochemical methods. Beginning from 6 weeks of gestation, the trophoblast cells were detected in the blood of pregnant women by flow cytometry using H315 antibodies to syncytiotrophoblasts [44] . In following investigations, the fraction of nucleus-free cells which probably originated from syncytiotrophoblasts are belonging to FCs. However the results of southern blot analysis using Y-specific probes showed that Н315 antigen is detected on the surface of maternal lymphocytes and cannot be used as the FCs marker [30] .
Other researchers showed that FCs have high expression of thymidine kinase (TK) gene at 10-21 gestation week that is atypical for the cells of healthy adult organism. Trophoblast cells, amniotic fluid cells, fetal and adult fibroblasts and fetal cord blood were analyzed for TK activity in comparison with adult peripheral blood samples. The highest enzyme activity was detected in the trophoblast cells, whereas no enzyme activity was seen in the adult peripheral blood samples. The number of cells with high TK activity was in the range of 30-60 per 30 million of the total count cells per sample. In this research TK enzyme proposed a potential new marker to detect and enrich FCs from maternal blood [45] . However, trophoblast cells are rarely seen in maternal blood at pathology-free pregnancy [46] . Anatomically, the trophoblast cells are placental origin. It is essential therefore to analyze fetal-origin rather than placental-origin material in order to identify chromosome fetal aberrations [47, 48] .
During pregnancy the syncytiotrophoblast cells are migrated with blood to mother's lungs to undergo apoptosis. Fetal DNA liberate from lung capillaries to maternal blood like exogenous DNA -cell-free fetalderived DNA (cffDNA) [49] . Nowadays, the cffDNA is becoming the most suitable material for prenatal diagnosis of genetic abnormalities in the fetus. The cffDNA is abundant, stable and remains in maternal circulation for only a few days after pregnancy [4, 18, 32, 35, 36, 50] .
Nucleated erythrocytes. During first two stages of embryonic hematopoiesis, mesoblastic and hepatic, there takes place an active erythropoiesis in the yolk sac, at the first two weeks of pregnancy and in the fetal liver since 5 gestation week [51] . Hence the nucleated erythrocytes, predominantly fetal origin, enter maternal blood as early as first trimester of pregnancy. These are the precursors of mature erythrocytes containing the nucleus. During first 10-20 weeks of pregnancy the amount of nucleated erythrocytes makes 10 % of the total population of fetus blood cells compared to only 0.1 % of adult organism [7] [8] [9] .
For detection of fetal nucleated erythrocytes the antibodies against surface antigens transferrin (CD71) and glycophorin А (GPA) were used as well as the intracellular markers such as fetal and embryonic hemoglobin [52] [53] [54] [55] . According to previous investigations, the fraction of erythroblasts can become potential object for analysis and performance of non-invasive diagnosis of the fetus pathology that might replace invasive analysis of amniotic fluid, fetal chorionic villi and cord blood during gestation period [56, 57] .
It was found that lifespan of fetal erythroblasts, unlike fetal lymphocytes, is 120 days that makes impossible the survival of these cells in maternal blood from previous pregnancies [58, 59] . The group of Choolani M. et al. described the protocol for isolation of fetal erythroblasts from the blood of pregnant women on 8-13 gestation weeks. The fetal nucleated erythrocytes from maternal blood were sorted by the MACS method using the panel of GPA, CD47, CD45, CD35, CD36 and CD71 antibodies. The obtained results revealed low CD71 expression on the FCs surface compared with erythroblasts of the adult organism [60] . However, other researchers did use CD71 as the marker of nucleated fetal erythrocytes [61] [62] [63] . Furthermore, the FISH and MACS methods, developed in previous experiments by other working groups for the isolation of fetus erythroblasts from maternal venous blood, showed low sensitivity [64] .
Fetal lymphocytes. Fetal lymphocytes were first described in 1969 by the group of investigators headed by Walknowska J. [65] . For identifying fetal lymphocytes they carried out a cytology Y-chromosome test in the blood from healthy pregnant women carrying fetus of male gender. Using the FACS, other investigators sorted FCs from maternal blood using antibody to human fetal lymphocyte HLA-A2 antigen that express on the surface of fetal lymphocytes and does not express on the surface of maternal lymphocytes [20, 66] . This method predisposes HLA typing in both parents and sensitive markers for identification of fetal lymphocytes among maternal lymphocytes. Furthermore, while analyzing fetal lymphocytes one should consider previous pregnancy histories. As a result of Мc, the PAPC are capable engraft in maternal organism from previous pregnancies [42] .
Fetal progenitor cells. Fetal hematopoietic stem cells (HSCs), multipotent mesenchymal stromal cells (MMSCs) [41] and endothelial progenitor cells [25] circulate in maternal blood during pregnancy. The investigators assume that FCs enter maternal blood prior to placenta formation [67] . According to the results of investigations, obtained on animal models [68] , the progenitor FCs cells persist in maternal blood at early stage of fetus gestation after implantation and capable for multilinear differentiation [69] . It is assumed that FCs showed a capacity for regeneration at damaged tissue sites in the maternal organism during pregnancy and after childbirth [28, 43, [69] [70] [71] [72] [73] .
Migration of progenitor FCs to the injured sites was showed on pregnant murine model with induced contact hypersensitivity reaction. The CD31 + endothelial progenitor cells were lining blood vessels in maternal sites of inflammation. In other words, neoangiogenesis occurs partly with an involvement of fetal endothelial progenitor cells during pregnancy [72] .
Other investigations were carried out on murine models at damaged skin and spinal cord during pregnancy. Experimental results showed an increase of the FCs number only at the sites of injury in the comparison with control animals. Formation of blood vessels were observed around damaged sites indicating reparative potential of the FCs. It follows from this that microchimerism phenomenon can be linked with an increased proliferation of the FCs and not only with their migration [74] . On damaging liver and kidney, the FCs migrate to the center of damage area and differentiate into hepatocytes and tubular cells, respectively [69] . In the case of myocardium damaging they differentiate into the endotheliocytes, smooth muscle cells and cardiomyocytes [71] .
A caesarean section scars were used as a model of wound healing in pregnancy, in human research. The presence of keratinocytes of fetal origin expressing cytokeratin in skin epidermis in women after caesarean section was showed by the FISH and immunocytochemistry. Additionally, the FCs expressed the transforming growth factor beta (TGF-β) as well as type I and III collagen, evidencing for involvement of FCs in maternal tissue reparation. FCs were absent in the abdominal wall of pregnant woman giving birth naturally [28] .
In another investigations blood samples from women having firstpregnancy at 11-13 gestation weeks were collected for analysis. MACS method and panel of antibodies against CD34, CD105, CD141 and CD146 antigens were used for FCs enrichment. A population of cells carrying simultaneously the markers of trophoblast cells (cytokeratin) and CD105 were identified among FCs. Further investigations showed that antibodies to CD141 also demonstrate high expression to FCs [25, 26] . Trophoblast cells with phenotypes СD105 and CD141 are ascribed to the subpopulation of endovascular cells. Fetal endovascular trophoblast cells migrate A (GPA) as a marker of fetal erythroblasts. The obtained results showed that fetal erythroblasts isolated from peripheral maternal blood had lower capacity for proliferation in vitro, compared with the erythroblasts isolated from fetal chorionic villi [84] . This determines the necessity of further investigations into developing culture conditions of nucleated erythrocytes from maternal blood for prenatal genetic diagnosis.
Embryonic and fetal development is accompanied with active angiogenesis. Vascular endothelial growth factor (VEGF) with highly affinity receptor tyrosine kinase (fetal liver kinase 1 -flk-1) promotes differentiation of endothelial cells from their progenitors [85, 86] . The group of Gussin F. et al. assumed that endothelial progenitors of the fetal origin can migrate to maternal blood during pregnancy [87] . To check this hypothesis, a model of postnatal angiogenesis in vitro was developed. Venous blood samples of pregnant women carrying male fetus were collected on 15-20 of gestation week. The isolated mononuclear cells were cultured under conditions of induction into endothelial differentiation. Selection of FCs among maternal cells was performed under various cultivation terms. It is known that maternal precursor blood endothelial cells are formed at the early stage of culture (early outgrowth), and the colonies of fetal endothelial progenitors during 4-6 weeks of culture [88] . According to the obtained results, the endothelial progenitors were identified only in cell culture from maternal origin mononuclear cells of pregnant women but were not found among the cells of control samples. FISH analysis did not revealed cells with XY karyotype in the culture of endothelial progenitors. Thus, cultured cells were maternal origin [89] .
FETAL MICROCHIMERISM AND MODERN MOLECULAR GENETIC METHODS IN PRENATAL DIAGNOSIS OF GENETIC DISEASES

Chromosomal microarray analysis in prenatal diagnosis
The chromosomal microarray analysis is used for identification of chromosomal aberrations, including minimal mutations, for detection of which the sensitivity of standard karyotyping method is insufficient. This is a full-genomic screening allowing assess deletions and duplications of DNA, single-nucleotide polymorphisms (SNP), localization and type of specific fetal genetic abnormalities.
There are two types of the microchips used in clinic: platforms for comparative chromosomal hybridization and SNP microchips which determine various kinds of genetic changes (trisomy and triploidy, etc.). This method is based on hybridization of fetal DNA with the chip containing fragments of the known DNA sequence. Data are processed by means of computer analysis. This method provides high sensitivity, quick obtaining of results (no cell culture is necessary) and standardized approach as compared with conventional cytogenetic analysis. The disadvantage of chromosomal hybridization and SNP microchips are their narrow specificity of analysis and impossibility to determine balanced inversions, balanced translocations and low-level mosaicism. However, to perform microarray analysis an invasive intervention is required as fetus DNA is isolated from the amniotic fluid or from fetal chorionic villi [31] .
An alternative, non-invasive method was applied by Brinch M. and Hatt L.et al. The expression pattern of a subset of expressed genes was compared between fetal cells and maternal blood cells using stem cell microarray analysis. The leucocytes of maternal origin were depleted from the blood using MACS. FCs identified by XY FISH analysis were collected by laser capture microdissection. Then mRNA isolation was performed for the genetic screening. Initially 28 and later 39 genes were identified as candidates for unique fetal cell markers. More than half of these are genes known to be expressed in the placenta, especially in trophoblast cells [24, 25] .
Next Generation Sequences (NGS)
Nowadays, NGS is a critical technology in prenatal diagnosis of fetal chromosomal aberrations. From August 2011 non-invasive prenatal test (NIPT) has been introduced in Hong Kong and later in the United States [24] . NIPT provides an intermediate step between maternal serum into the myometrium of the placental bed, where they persisting maternal arteries and replacing maternal endothelial cells at early pregnancy stages, providing for transplacental transfusion between mother and fetus [75, 76] . Simultaneous expression of endothelial and vascular markers on cell surfaces indicate that the FCs originate from ectodermal germ layer, adapt themselves in new vascular environment of mother's organism [77] . Combination of ectodermal (cytokeratin) and mesodermal (CD105 and CD 141) markers expressing themselves on the surface of trophoblast cells can become potential instruments for FCs enrichment from maternal blood in prenatal genetic diagnosis.
The populations of CD34 + cells were isolated from the venous blood of women who had undergone surgical termination of pregnancy (9-13 gestation weeks). According to the experimental results, the fraction of CD34 + cells was heterogeneous. The population consisted of stem cells and progenitor cells as well as pool of cells with adhesive properties and potential to differentiate in various maternal tissues (liver, heart, pancreatic gland and endothelial cells) [13, 78] .
The group of Parant O. et al. obtained samples of fetal chorionic villi at normal delivery and pregnancy termination by caesarian section. Most of CD34 + cells in the bioptate had the fetal origin. Alongside, the cells with CD34 + phenotype showed high expression of CD31 marker and did not express CD117 and CD133, indicating their endothelial rather than hematopoietic origin [79] . The investigation of Bianchi D. et al. showed that FCs with CD34 + CD38 + phenotypes persisted in maternal blood mononuclear cells for as long as 20 years after childbirth [42] . It follows that CD34 + FCs can persist maternal blood from previous pregnancies and cannot be therefore clinically significant object for prenatal genetic diagnosis [80] .
The fetal MMSCs were detected in maternal venous blood by the group of researchers O'Donoghue K. et al. They found that mononuclear cells isolated from the peripheral blood of woman at first trimester (7-13 gestation week), do not express on their surface CD45 and glycophorin А. Cell subpopulations were identified by means of the cytological method using the panel on monoclonal antibodies conjugated with alkaline phosphatase. According to the results of flow cytometry, the [74] . The mesenchymal origin of cells was confirmed by their further culturing and differentiation in vitro in the osteogenic and adipogenic directions.
Fetal MMSCs isolated from maternal blood at first trimester of pregnancy are viewed as an alternative source of stem cells for the regenerative medicine. Compared with the FCs obtained from abortive material the fetal MMSCs have longer telomeres and express transcriptional factors such as NANOG and Oct4, regulating self-renewal of undifferentiated embryonic stem cells. These proteins are the markers of cells capable for multilinear differentiation [81, 82] . Change of the level of Oct4 protein expression promotes cell differentiation. Interestingly, the transcriptional factor Oct4 shows its activity additionally in the oocyte and prior to implantation process. Thus, the FCs migrating to maternal blood are lowdifferentiated and, probably, capable for self-renewal and pluripotency. The transcriptional Oct4 factor is not a compulsory sign of the pluripotent cells although the latter express a marker for cells maintaining their capacity for pluripotency [83] . Therefore search and identification of expression of the proteins such as Oct4 is crucial for studying FCs regenerative potential.
CULTURE OF FETAL CELLS
Culture of FCs from maternal blood for prenatal diagnosis is an alternative approach of FCs enrichment and maternal cells depletion. It has been long believed that fetal nucleated erythrocytes can be chosen as a convenient object for culture. Along this direction, the group of Choolani М. et al. presented comparative characteristics of the conditions for erythroblasts culture. For this analysis they isolated erythroblasts from fetal chorionic villi and maternal peripheral blood of pregnant woman. The population of embryonic erythroblasts was characterized with low CD71 expression [60] . Therefore in this work the authors used the surface erythroid glycophorin values (1-3 %) and can be implemented in prenatal medicine as a replacement for invasive testing. In the US, test prices range from $795 to over $3,000 [18] .
The non-invasive prenatal aneuploidy test, called the NIFTY™ (NonInvasive Fetal TrisomY test), was offered to pregnant women as a form of Down syndrome screening by the Chinese company BGI. The NIFTY™ can be applied any time after 12 gestation weeks for women with no previous pregnancy history. A low false positive rate of results has been shown. However, the NIFTY™ screening program requires further evaluation, specifically in terms of its cost-effectiveness [32] .
screening and invasive diagnostic testing of fetal chromosomal abnormalities during early embryogenesis [18, 50] . NIPT implicates analyzing the cffDNA present in a sample of maternal blood. The whole-genome sequencing [90] [91] [92] [93] [94] , targeted genome sequencing [95] [96] [97] , single nucleotide polymorphism (SNP)-based sequencing [98] [99] [100] are commercially available NIPT approaches for today.
In 2014 the first commercial test MaterniT21Plus™ based on NIPT technology was presented by Sequenom (USA). The basic test detects trisomy 13, 16, 18, 21, 22, X, Y along with determination of paternity, fetal sex, and some microdeletions. NIPT produces low false positives NIPT is an advance in the detection of fetal genetic material that analyzes cffDNA in the blood of a pregnant woman. This approach allowed a low frequency of false-positive results in clinical practice along with high sensitivity and reliability. However, in terms of cost efficiency, this test requires further evaluation. The comprehensive price will make NIPT more accessible for population. The development of new approaches in gene sequencing with lower cost for prenatal screening makes this method proper to be applied in chromosomal aberrations as well as genetic disorders. However, the identification of circulating FCs markers in the maternal blood is still necessary to be fully assessed and applied for both prenatal diagnosis and fundamental research in transplantology and regenerative medicine.
